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Abstract
The aim of this study was to improve the extraction efficiency of naphthalene from an organic phase (fuel oil) which had
given already an extraction yield of about 79% using the mixture phenol-methanol as extractant. To perform this yield several
extractions of naphthalene using binary and tertiary mixtures of products were proceeded. It was found that after an optimization
by a mixture design, the DMSO-methanol-phenol composition used to extract naphthalene was efficiency.
To study the extraction phenomena of naphthalene with the extractant mixture, a second degree experimental design called
composite centered design had been used. In this paper an extraction of naphthalene from an organic phase (fuel oil) using the
mixture DMSO-methanol-phenol was carried out by varying the temperature, the ratio R (Fuel/Mixture) and the initial
concentration of naphthalene. After analysis of variance ANOVA, effects of parameters were studied and a model correspondent
to the extraction according parameters was then applied. The optimization of these parameters showed that the extraction yield of
naphthalene was almost perfect yielding 98.88%.
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1. Introduction
The mineral coke which is an indispensable material for the iron fusion in blast furnaces of steel industries,
contains an important quantity of naphthalene [1]. In industrial coke plants, the coke gas is an important byproduct
and its treatment process requires fresh fuel oil as a washing oil to remove naphthalene which is an undesirable
element when this gas is used as combustible fuel. Therefore at the end of the process, the fuel oil is then charged
with 7–10% of naphthalene and it is considered as an industrial waste which creates serious pollution problems in
the industrial region. To protect the environment, it is imperative to treat this waste, to recover naphthalene and to
reuse this fuel oil in the gas washing process.
Among several selective solvents studied such as ethanol, aniline, methanol, DMSO, THF, mono ethylene
glycol, etc., DMSO gave the best performance about the liquid-liquid extraction of naphthalene from a solution of
fuel oil rejected from the industrial plant. Although the fuel rejected and treated by liquid-liquid extraction, resumed
all characteristics of fresh fuel oil [2]. The disadvantage of this application was the regeneration of the solvent and
the separation of naphthalene which was hardly achievable. However methanol alone which did not give a good
extraction efficiency due to the solubility of 5.3 % methanol in fuel and the rapid saturation of 6 % of naphthalene in
methanol, was an interesting solvent because its regeneration was easier and the pure naphthalene could be
recovered by simple crystallization after decantation of the oil phase [3, 4]. To improve the extraction efficiency,
some solvent mixtures have been studied but the mixture methanol-phenol appeared to be also more interesting;
besides of the good efficiency of extraction, the regeneration of the various products was possible. Effects of
different parameters were then studied and the results showed that only three factors (the composition of the binary
mixture as the extractant, the quantity of the extractant and the temperature) were the most important to give more
efficiency. Indeed the optimization of the process was achieved using a Box- Behnken design as a model of second
degree and the process yielded 79% [5, 6].
To improve a best yield of naphthalene extraction in the fuel, a third compound namely DMSO which has
already proved its extractant quality, was added to methanol- phenol previously studied. It was found that a yield of
98.25% was obtained with a mixture of three products DMSO -methanol- phenol which had already been optimized
using a mixture design of experiments [7]. Replacing phenol by water, another mixture of three products DMSO -
methanol- water which had also been optimized by a mixture design of experiments, had improved the yield to
98.80% [8].
The aim of this work was to study the effects of the most important parameters; the temperature, the initial
concentration of naphthalene and the volume ratio of fuel/extractant, knowing that the composition of the extractant
mixture was optimized in previous works [6, 7]. Indeed a composite centered design was applied to determine the
optimal parameters and to improve the extraction yield.
&HQWUDO FRPSRVLWH GHVLJQV ZHUH ¿UVW GHVFULEHG E\%R[ DQG:LOVRQ LQ  DQG WKH\ DUH QRZDGD\V WKHPRVW
SRSXODUVHFRQGRUGHUGHVLJQV$FRPSRVLWHFHQWHUHGGHVLJQLVHDVLO\EXLOWXSIURPDVWDQGDUG¿UVWRUGHUGHVLJQZLWK
orthogonal factorial points by the addition of axial points and center points [6, 7]. If the factorial portion of the
design is a complete factorial or a fractional factorial of certain resolution or more, all model parameters are
estimable. Otherwise some aliasing will occur and some terms will need to be omitted from the second-order model.
$GHVLJQVKRXOGLQFOXGHHQRXJKUHSOLFDWLRQRIWHQDWWKHFHQWHUSRLQWVWRDOORZIRUDWHVWIRUPRGHOODFNRI¿W7KH
D[LDOSRLQWVDUHORFDWHGDWDGLVWDQFHĮIURPWKHFHQWHURIWKHGHVLJQZKHUHWKHFKRLFHRIĮGHSHQGVRQWKHSURSHUWLHV
of the required design [6, 8, 9].
2. Experimental
The composite centered design (CCD) allowed modeling a system in the quadratic form taking in consideration
three factors. The factors considered by the design were the temperature of the solution, the initial concentration of
naphthalene in the fuel oil and the volume ratio R (the organic phase fuel naphthalene /phase DMSO-Methanol-
Phenol). The choice of the field of study was deducted from previous researches. According to the optimal values
for each factor studied, the temperature have been studied from 20°C to 40°C, the initial concentration of
naphthalene in the oil from 3 % to 7 % and the volume ratio ( oil / solvent ) from 0.5 to 1.5 . In this design there
were five levels by factor for better accuracy.
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The extraction of naphthalene from an organic phase by DMSO-methanol-phenol mixture was carried out using
the apparatus shown in Figure 1. The experimental device consisted of a perfectly stirred reactor 100mL capacity
(batch reactor). The temperature of the bath was kept at the desired value using an immersion heater. The agitation
of the reactor was achieved magnetically by a device type "Janke & Kunkel IKA_labortechnik (KM02electronic)."
The temperature was controlled using a thermostat. The other operating conditions were maintained constant;
including the contact time of 20 minutes, the composition of the mixture DMSO-methanol-phenol-and the stirring
speed of 100 rpm. These parameters were optimized and it was found that there was no effect on the yield of the
extraction. The extraction of naphthalene was followed by refractometry. All responses were confirmed at least by
two tests.
Fig 1: The experimental device.
2.1. Experimental results
The relations used to determine the final concentration of naphthalene [Naph.] and the yield (Y%) were the same
noted in references [5, 10].
The table 1 shows the different parameters studied by the composite centred design with their minimum,
PD[LPXPDQGPLGGOHOLPLWVDQGĮYDOXHV
Table 1: Factors and field studied with non-coded values
T (°C) [Naph.]0 (%) R
Level (Min) 20.0 3.0 0.5
Level (Max) 40.0 7.0 1.5
Į0LQ 13.1821 1.63641 0.15910
Į0D[ 46.8179 8.36359 1.84090
Depending on the parameters set, the MINITAB software gives us the experiences to make composite centered
design and the order in which they should be performed (Table 2). In the same table the response (yield) was finally
determined experimentally according to the experimental design and it was expressed in percentage of naphthalene
removal from oil phase.
Thermostat
Magnetic agitator
Reactor
Thermometer
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Then the results will undergo a statistical analysis that is needed to study effects of each parameter on the
efficiency of the extraction. The modeling of the response in the form of polynomial allows determining the
optimum conditions for better yield.
The experimental matrix of composite centered design was based on six central points, six axial points (star
points) and 8 factorials points (the vertices of the experimental field 23) with three factors were a total of 20 trials
ZKLFKĮ 7KHQXPEHURIOHYHOVLVILYHIRUHDFKIDFWRU
Table 2: Experimental and theoretical yields of extraction (application of CCD)
Run T
(°C)
[Naph.]0
(%)
R NMes. NB ref. [Naph.]
(%)
Exp. Yield
(%)
Theor.
Yield
1 30.00 5.00 1.00 1.4584 1.4564 1.43 71.43 71.55
2 30.00 5.00 1.00 1.4582 1.4564 1.43 74,29 71.55
3 20.00 3.00 0.50 1.4544 1.4536 0.57 80,95 81.91
4 46.82 5.00 1.00 1.4599 1.4574 1.79 64.29 58.83
5 30.00 5.00 1.00 1.4583 1.4564 1.43 72,86 71.55
6 20.00 3.00 1.50 1.4600 1.4578 1.57 47.62 50.12
7 30.00 5.00 1.84 1.4599 1.4576 1.64 67.14 61.72
8 40.00 3.00 1.50 1.4586 1.4610 1.71 42,86 48.60
9 20.00 7.00 1.50 1.4613 1.4578 2.50 64.29 65.65
10 30.00 1.64 1.00 1.4572 1.4564 0.57 65.16 60.23
11 40.00 3.00 0.50 1.4553 1.4541 0.86 71.43 73.80
12 40.00 7.00 0.50 1.4559 1.4541 1.29 81.63 82.84
13 30.00 5.00 1.00 1.4584 1.4564 1.43 71.43 71.55
14 20.00 7.00 0.50 1.4551 1.4536 1.07 84,.69 82.84
15 40.00 7.00 1.50 1.4613 1.4583 2.14 69.39 72.25
16 30.00 5.00 1.00 1.4582 1.4564 1.43 74,29 71.55
17 30.00 5.00 1.00 1.4583 1.4564 1.43 72,86 71.55
18 13.18 5.00 1.00 1.4589 1.4561 2.00 60.00 60.10
19 30.00 5.00 0.16 1.4514 1.4512 0.14 97.14 97.35
20 30.00 8.36 1.00 1.4586 1.4564 1.57 81.20 80.90
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2.2. Main effects plot and interaction for Y%
From fig.2 (A) it is showing that the optimized temperature must be between 20°C and 30°C. It is interesting to
note that high yield can be obtained when the initial concentration of naphthalene is maximum (rejected industrial
fuel oil contains 7-10% of naphthalene). The increase of the yield from R: 1.5 to 1.84 has no explication.
The achieved yields in the different interactions are showing in the fig.2 (B). For the first interaction between T and
[naph.]0, it was found that the good yield was obtained when the extraction was carried out at a central value of
temperature and a maximum for [naph.]0 in the studied field. The best yield was found for the second and third
interactions between R-T and R-[naph.]0 respectively; the levels of factors to allow this yield are the minimum of R
and the middle of T for the second interaction, and the minimum of R and the middle of [naph.]0 for the last
interaction.
Fig.2:Main Effects Plot (A) and interaction (B) for Y%
2.3. Analysis of variance (ANOVA)
The statistical results are shown in Tables 3 and 4. The analysis of variance (ANOVA) is a method of
experiments design that can investigate the influence of each parameter and to define better the objective function.
Indeed not all factors have the same influence, some have a significant effect and others have not.
For linear, square and interaction effects it can be said that the initial concentration of naphthalene in the organic
phase and the volume ratio R are both highly significant with a value of P equal to 0.000. The linear effect of
temperature was not significant (P = 0.719) on yield of extraction against the square T2 effect is significant
(P=0.002). The initial concentration squared is not significant (P = 0.733) and the volume ratio R is significant. The
only significant interaction is between the initial concentration and the volume ratio R
The results in Table 4 show that the linear and square effects are highly significant with P values of 0.000 and
0.003 respectively. The interaction effect is significant with a P value of 0.048.
2.4. Polynomial regression
To enable the prediction of response and system optimization, the method of experiment design on both its
design and structure allows a mathematical representation of the response (yield) based on the factors (T, [naph.]0
and R). The regressions are represented by polynomial equation 1 and 2 corresponding to the coded and uncoded
parameters respectively.
Y% = 92.5224 + T × 1,68933 – 2.74929 × [Naph.]0 – 71.9156 × R – 0.0427350 × T2 - 0.0872647 × [Naph.]20 +
11.2893 × R2 + 0.101437 × T × [Naph.]0 + 0.329750 × T × R + 3.65125 × [Naph.]0 × R (1)
Y% = 71.5508 – 0.3783 × T + 6.1449 × [Naph.]0 – 10.5942 × R – 4.2735 × T2 – 0.3491 × [Naph.]20 + 2.8223 ×
R2 + 2.0287 × T × [Naph.]0 + 1.6488 × T × R + 3.6513 [Naph.]0 × R (2)
(A) (B)
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Table 3: Effects and coefficients for extraction yield.
Term Coef. T P
Const. 71.5508 46.484 0.000
T - 0.3783 -0.370 0.719
[Naph.]0 6.1449 6.017 0.000
R - 10.5942 -10.374 0.000
T×T - 4.2735 -4.299 0.002
[Naph.]0×[Naph.]0 - 0.3491 - 0.351 0.733
R×R 2.8223 2.839 0.018
T×[Naph.]0 2.0287 1.520 0.159
T×R 1.6488 1.236 0.245
[Naph.]0×R 3.6513 2.736 0.021
Table 4: Analysis of variance for yield (%).
Source DF Seq SS Adj SS Adj MS F P
Regression 9 2629.06 2629.06 292.117 20.51 0.000
Linear 3 2050.42 2050.42 683.474 47.98 0.000
Square 3 417.31 417.31 139.102 9.77 0.003
Interaction 3 161.33 161.33 53.776 3.78 0.048
Res. Error 10 142.44 142.44 14.244
Lack-of-fit 5 142.44 142.44 28.487 * *
Pure Error 5 0.00 0.00 0.000
Total 19 2771.49
2.5. Interpretations
From the mathematical model used to trace the response surfaces, it is noted that the aim is achieving a
maximum of naphthalene extraction yield in the chosen field of study. It is represented by the contours in the red
region or by a maximum (a vertex, upper end, etc) in the response surface.
For the minimum level R (Fig. 3 and 4), it was found that the optimum yield is showing by a wider zone. It is
located in the middle of upper end for the initial end concentration of naphthalene and the middle field for the
temperature.
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Fig .3: Contour surface of yield according to T
and [naph.]0 at R min
Fig .4: Response surface yield according to T
and [naph.]0 at R min
Fig.5: Contour surface of yield according to
T and R at [naph.]0 max
Fig .6: Response surface yield according to T
and R at [naph.]0 max
Fig .7: Contour surface of yield according to
[naph.]0 and R at T min
Fig .8: Response surface yield according to
[naph.]0 and R at T min
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So we can say that the yield increases at an upper end for the initial concentration of naphthalene, for the middle
and the minimum level for the temperature and the ratio F/M respectively.
From Figures 5 and 6 there is a maximum level for the outline, the red zone is more efficient in the lower limit
for the factor R and it is located in all field of temperature. The response surface presents a convex inclined form. It
has a maximum in one direction and a minimum in the other direction. The yield increases at lower temperature to
get a maximum at mean temperature then it decreases slightly at the upper end of temperature. It also increases in
the lower limit of R. It is noted that R has an effect on the yield over than temperature.
According to Figures 7, 8 we find that when the temperature is fixed at the minimum level, the best yield is
located in the low limit for the factor R and in all fields for the initial concentration of naphthalene. So we can say
that the extraction yield increases when a temperature is average and the factor R is a minimum, for the response
surface, the extraction of naphthalene yield decreases as R factor increases to middle level of R then, it increases
once again.
Increasing the initial concentration of naphthalene the yield decreases slightly and this is showing by the low
slope (the lower limit R). At the top level of R the yield increases until reaching the maximum initial concentration
of naphthalene.
2.6. Graphical representation of theoretical responses according to experimental responses.
From Figure 9 the data are fairly distributed around the regression line, the fit is almost perfect because the
correlation constant is equal to 0.948.
Fig .9: Correlation between theoretical and experimental yield.
2.7. Optimization
2.7.1. Exclusion of terms
Excluding all non-significant terms one by one until the simplest possible model, the result of the exclusion is
shown in equations 3 and 4.
Rdt% = 73,3922 - 0,3783 × T + 6,1449 × [Naph.]0 -10,5942 × R - 4,4969 × T2 (3)
Rdt% = 39,8811 - 2,66031× T - 3,07243 × [Naph.]0 - 21,1883 × R - 0,044969 × T2 (4)
y = 0.9486x + 3.6141
R² = 0.9486
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2.7.2. Research of optimum
The optimization consisted in finding the optimal experimental conditions corresponding in this case to the
maximum of extraction efficiency. It was possible to assert with a reasonable risk of error. There were no other
conditions leading to a better response value in the field of study. To target the experimental field for the best
response a constrained optimization was applied. For these different starting points the region of the dialog window
(response optimizer) and the targeted response were chosen. The optimization results indicated the optimum values
for each factor and the optimal value of the extraction yield.
The objective was to maximize the extraction efficiency. A constraint was imposed on the temperature, the
initial concentration of naphthalene and the ratio R.
The experimental design can also be used to search for an optimum. The used software program made several
optimizations. The extraction yield was obtained with a value of 98.8761 % when the overall solution factors were
22.32°C for temperature, 1.636 % for the initial concentration of naphthalene and 0.159 for the ratio R
corresponding to a desirability of 0.997472. It was found that when the value of the high desirability was better and
close to the value of the target response.
A verification of the optimum conditions obtained by the optimization was performed in the same experimental
setup. Extraction of naphthalene from the oil phase gave a final concentration of 0.028% after a period of 20
minutes and an experimental extraction yield of 98.25 %, which was comparable with the theoretical yield proposed
by the mathematical model (98.8761 %).
In practice the actual concentration of naphthalene in the oil rejected by the industrial plant is around 7.75%.
According to the model and the optimal conditions for a concentration of naphthalene of 7.75%, a yield of 94.45 %
was then obtained. A verification of this model by practical experience under the same conditions listed below gave
a yield of 92.65 % which was indeed very similar to that given by the model.
3. Conclusion
To improve the yield of the liquid-liquid extraction of naphthalene from fuel oil as organic phase and which was
already optimized by an experimental design type mixture design, an extractant mixture of three components
DMSO, methanol and phenol was studied in this paper. This study was performed according to an experimental
design which was composite centered design using the optimized mixture DMSO-Methanol-Phenol. The factors
studied are the temperature of the solution, the initial concentration of naphthalene in the organic phase to be treated
and the volume ratio R of the new fuel mixture on extractant phase. The response chosen was the extraction yield.
The analysis of variance ANOVA was given meaning and non meaning factors: For the initial concentration of
naphthalene in the organic phase and the volume ratio R both are highly significant with a value of P equal to
(0.000). The linear effect of the temperature was not significant (P = 0.719). However the square effect was
significant (P = 0.002). The initial concentration squared was not significant (P = 0.733) and the volume ratio R was
significant. In addition it was found only one significant interaction between the initial concentration and the volume
ratio R.
The regression was linear between the values of the theoretical and experimental performances. The fit was almost
perfect because the correlation constant was equal to 0.948.
It was noted that the objective of a maximum extraction yield of naphthalene in the chosen field of study was
achieved. It is represented by the contours in the red region or by a point (a vertex, upper end ...) in the response
surface.
So we can say that the yield increases at an upper end to the initial concentration of naphthalene, the average
temperature and the minimum level of ratio R. We also note that the ratio R has an effect on yield more than the
temperature.
The optimization values gave a theoretical yield of 98.88 % where the overall factor were 22.31°C for the
temperature, 1.64 % for the initial concentration of naphthalene and 0.16 for the R. Experimental verification of the
theoretical model gave a value of 0.028% of naphthalene and the extraction yield was 98.25 %. The model was
therefore adequate to represent the process.
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